Introduction
Dental implants have become an important option to replace missing teeth. However, implant failure and peri-implant disease is still a problem facing implantologists. 1 Many efforts have been made to develop implant surfaces that can accelerate osseointegration, 2 enhance gingival attachment to provide a soft tissue seal that prevents bacterial invasion, 3 decrease bacterial adhesion and/or has bactericidal effects. 4 Topography of the biomaterial surface plays an important role in determining the cellular response. 5 The biological responses to a dental implant are determined by a number of physical and chemical features of the implant surface: chemical composition, crystalline phase, surface wettability, surface energy, and surface topography. 6 Any biological interaction with the implant material will be influenced by these properties and any changes in one of these groups will affect the other parameters. 7, 8, 9 Different surface treatments have been applied to improve the surface topography and chemical composition of the implant surface, 10 which has resulted in high clinical osseointegration success rates. However, the absorption of biomolecule pellicles and the subsequent growth of bacteria on these surfaces is still one of the stimuli for the introduction of peri-implant inflammatory processes. Therefore, it is advantageous to modify titanium surfaces to inhibit the initial adhesion of bacteria and produce a surface which is plaque resistant and which, in turn, may prevent peri-implantitis or limit its progression. 4 It is important to investigate the relationship between different surface properties and bacterial adhesion. Despite the large number of studies about the biological response to dental implants, it is still not well known which specific surface characteristics affect the microbial response which necessitates the need for further studies. The research hypotheses were: (a) Physiochemical properties of titanium surface altered differently according to each type of surface modification. (b) Precise physiochemical properties of titanium surface affect bacterial adhesion.
The aim of the work presented herein was to investigate the influence of different titanium surface modifications on the physiochemical characteristics of these surfaces, and to examine the effect of these modified titanium surfaces on bacterial adhesion. Wide range of modified titanium surfaces with known surface characteristics have been investigated in order to determine the key metal-properties that influence microbial adhesion.
II. Materials and Methods
Specimens Preparation and surface modification Disc shaped specimens, about 5 mm in diameter, were punched from annealed titanium sheets (99.6+ %) (Goodfellow, Cambridge Limited, England). In order to achieve an accurate evaluation of surface changes and a proper comparison between the groups of specimens, a clean mirror finish surface was prepared by mechanical grinding and polishing on one side of each disc. The surface of the mechanically polished titanium discs, labeled as PT, were modified using different procedures: Etching with 0.5 wt % Hydrofluoric acid at room temperature for 1.5 min (HF); Dual acid etching with 69 % H 2 SO 4 and 37 % HCl at 80˚C at a ratio of 1:1 for 1.5 min (DA). After etching, the discs were rinsed immediately with distilled water. In addition, a chemical etch with alkali followed by a heat treatment (AEHT) were performed on a group of specimens. These were first immersed in a 5 M sodium hydroxide (NaOH) solution maintained at 60 ˚C in a water bath for 24 hours then rinsed with distilled water and dried and subsequently heat treated at 600 ˚C for 1 h. 11 The heat treated (HT) titanium discs were exposed to a temperature of 750 ˚C for 1 hour. 12 Anodisation of the specimens was performed at room temperature using 1 M of H 2 SO 4 and 0.05 wt % hydrofluoric acid as an electrolyte by applying a potential of 80 Volts for 5 minutes. The disc-specimen was connected individually to the anode with only the specimen surface exposed to the electrolyte to ensure a constant surface area ratio which was 1:10 between anode and cathode. The cathode was made from a platinum sheet. The distance between cathode and anode was ~ 3 cm. During the period between preparation and analysis, the specimens were kept in an air tight container.
Surface analysis
Surface roughness measurements were conducted using non contact optical Proscan profilometry (Proscan 2000, Scantron Industrial Products Ltd., England). Ra was calculated for each sample "Ra: the arithmetic mean of the absolute values of the surface point departures from the mean plane within the sampling area". 13 Topographic inspection was conducted using scanning electron microscopy (SEM) (A PC-controlled ISI 60 SEM) and light microscopy (Olympus PH2). The wettability of discs was calculated by assessing static water contact angles with "DSA 100" contact angle measuring system (KRUSS Advancing Surface Science. GmbH) using the sessile drop technique. The measurements were carried out at body temperature 37 ºC with distilled water as the probe liquid. Surface free energy (SFE) was measured using the contact angle measurement of three wetting agents: Water, Ethylene glycol, Diiodo-Methane. This calculation was conducted using the concept of polar and dispersion components using Owen′s method for calculation.
14 Highly specialized drop shape analysis software was used to conduct this measurement (SOFTWARE -DSA3).
Raman spectrometry was used to characterize surface crystallinity. A Raman system (Renishaw Ramascope 2000) equipped with a He-Ne laser (wavelength 633 nm) was operated with a 25 mW laser power and 4 µm diameter laser spot impinging on the specimen surface. A 100-1000 cm-1 wave number range with 3 mW laser power and acquisition time of 10 sec. were used to acquire each spectrum.
Microhardness tests were conducted using a diamond pyramid indenter procedure with a MNIN LOAD hardness tester (Erust Leitz, Wetzlar, Germany). A 500g load was applied by the diamond indenter for 15 sec. The test was done on a microscopic scale.
Chemical measurements were conducted using X-ray Photoelectron Spectroscopy (XPS) (Perkin-Elmer XPS system model 10-360) equipped with Omni Focus TM lenses. The sample was irradiated with a monoenergetic soft X-ray Al Kά (1486.6 eV) in an ultrahigh vacuum (<10 -8 torr). The element chemical composition analyzed surfaces were measured using the VGS5250 software.
Saliva preparation:
The Saliva was collected from 9 healthy donors in ice chilled tubes early in the morning then treated with 1% of 0.25 Dithiothreitol (DTT) (Sigma) before centrifugation at 12000 rpm for 10 min at 4 ˚C. The supernatant was diluted to 50 % and then filter sterilized by passing through 0.22 µm a cellulose nitrate membrane filter (Sarstedt Inc, USA). The sterile saliva was stored at -20 ˚C and defrosted immediately before use. Titanium discs were incubated with saliva for 2 hours at 37 ˚C to coat with saliva, then gently rinsed to remove excess saliva.
Bacteriology
Pure cultures of clinically isolated bacteria were used in the study, and bacterial identity was confirmed using 16 rDNA gene sequences, gram stain and microscopical imaging. The resulting isolates were purified and frozen in -70 ˚C as stocks. Streptoccocus mitis was cultured from frozen stocks and plated on Blood agar base No. 2 (LAB) supplemented with 5 % defibrinated horse blood (CS-Bioscience LTD) and grown at 37 ˚C aerobically in O 2 depleted atmosphere "candle jar". Fusobacterium nucleatum was cultured from frozen and plated onto Fastidious Anaerobic Agar plates (FAA; LAB M) containing 5 % defibrinated horse blood (C S-Bioscience LTD) and grown at 37 ˚C in an anaerobic cabinet (Don Whitley Scientific) in an atmosphere containing 10 % hydrogen, 10 % carbon dioxide and 80 % nitrogen.
For adhesion experiments S. mitis was grown overnight in BHY broth {3.7 % Brain heart infusion broth (LAB M ) + 0.5 % Yeast extract (Bacto Tm ) in an O 2 depleted atmosphere "candle jar". Fastidious anaerobic broth (FAB; LAB M) was used for culture of F. nucleatum and incubated at 37 ˚C in an anaerobic cabinet for two days. Bacteria were harvested by centrifugation at 2500 rpm for 15 minutes. Pellet were then resuspended in 5 ml of Tris HCl buffer (pH 7.2) and washed and re-harvested twice. Finally, bacteria were resuspended in the same buffer and density adjusted to 75*10 7 colony forming unites/ml. using a 600 nm spectrophotometer to measure the optical density (O.D.) as calculated against standards for each bacterial strain. Five discs for each surface were incubated with 2 ml of suspension of each bacteria type separately in sterile cell culture containers (Costar, 12 well cell culture clusters). This was done at 37 ˚C for 6 hours with gentle rotation with the modified surface of the discs placed facing upward. After the incubation period, discs were gently rinsed 5 times for 1 minute (to remove non-attached bacteria) and then fixed with 2 ml 2.5 % gluteraldehyde (Sigma-Aldrich) for 30 min on ice, followed by an additional fixation step with 1.5 % FITC (fluorescein isothiocyanate, isomer I, Sigma) at room temperature for 30 min. Discs were then washed to remove excess dye. Two experiments were conducted on each bacterium, one with saliva coating and the other without. Each experiment was repeated twice on a different day.
Bacterial adhesion assays
Fluorescence microscopy (Leica DM LB) was used to obtain images for counting FITC-stained bacteria attached to surfaces. Each disc was examined at 100-fold magnification under oil immersion (100*/1.30 oil) and five digital images per disc were taken from different areas on each surface. Percentage of area covered by bacteria was calculated using Image J software (http://rsb.info.nih.gov/ij) for a fixed surface area. Experimental procedures were conducted blindly.
Statistics
Statistical analysis was carried out using Excel and STAT GRAPHICS plus 5.0 programs. Methods used to analyze and assess results were descriptive statistics: Mean, standard deviation, standard error. Kruskal-Wallis test was used to test the significancy with in each group. Mann-Whitney test was used to determine to determine the specific differences between the group members. The probability value (p-value) considered significant at P <0.05 and highly significant if P< 0.01.
III. Results
Characteristics of surface topography Surface roughness was measured by profilometry and the mean surface roughness values obtained for the surface modifications are listed in Table 1 . All the surfaces have Ra value less than 0.2 µm in which the PT surface showed the lowest Ra value with highly significant differences with all other surfaces (P<0.01). A significant difference in surface roughness (Ra) was found between HT and DA surfaces (P=0.019). Topography of the different surfaces was revealed by scanning electron microscopy, as shown in Figure 1 . Each surface modification has its own effect on the polished titanium surface. In the AN surface specific pits shape can be seen, the HF surface showed clear distinguished grain boundaries. DA surface showed the characteristic feature of acid etching with pits and scratches across the whole surface. The HT surface showed the creation of `hills and valleys` across the surface. However, for the PT and AEHT surfaces no obvious changes were observed. Optical microscopic images (Figure 1 ) showed details that were not revealed by SEM images. The exposed grain was so obvious in the DA surface in a manner which differed from that of the HF surface. These grains were not observed on the PT surface. Colored images seen for both the AN and AEHT surfaces showed mixture of many colors which did not precisely reflect colors seen by the naked eye. Microhardness results can be seen in Table 1 . The HT surface showed more than one hundred Vickers point number (VPN) increase in microhardness when compared with the original control PT with highly significant differences (P<0.01) to all titanium surfaces. Similarly, both AEHT and DA surfaces had significant differences when compared with the PT surface (P=0.028; 0.0281 respectively) and highly significant differences with both the AN and the HF surface (P<0.01).
Titanium surface wettability was changed significantly using different modification procedures, as shown in Table 2 . The results of surface wettability can be organized into three sets of paired surfaces with each set showing highly significant differences (P<0.01) to all of the other surfaces but not between themselves. Both the PT and HT surfaces showed the lowest values of contact angle measurement followed by the AN and AEHT surfaces with increase in contact angle values. The most hydrophobic surfaces were both the HF and DA surfaces with the highest contact angle values.
Apart from the anodization procedure that led to an increase in SFE compared with the original control PT surface; it can be noted that all other surface modifications of the titanium surface led to a reduction in their SFE at different levels.
PT, DA and HF surfaces showed amorphous oxide layer, while AN surface had anatase crystalline oxide layer. Both HT and AEHT surface showed rutile crystalline oxide layer.
The major chemical constituents of all surfaces were (titanium, oxygen, carbon), some surface modifications exhibited traces of other elements beside these major component elements. For the AEHT surface calcium was detected. On the HF and AN surfaces fluoride was found in addition to nitrogen on the AN surface
Bacteriology
Adhesion of bacteria to different surfaces is shown in Table 3 . The mean percentage of area covered by S. mitis did not show any significant difference between the modified titanium surfaces without saliva coating (P=0.09). Coating these surfaces with saliva resulted in highly significant differences between the surfaces (P<0.01) for S. mitis adhesion.
The percentage of S. mitis adhesion increased on the HT surface after saliva coating with highly significant differences to all modified titanium surfaces (P<0.01) but not with the PT surface. Conversely, the HF surface showed the lowest percentage of bacterial adhesion with significant differences to the AN surface (P=0.035) and highly significant differences (P<0.01) to all other modified titanium surfaces. Highly significant differences (P<0.01) within each modified titanium surface were found between the percentage of bacterial adhesion to the same surface with and without saliva coating.
Both the HT and AEHT surfaces had the highest percentages of F. nucleatum adhesion, showing highly significant differences to all other surfaces (P<0.01) except with the AN surface. The AN surface had a significant difference with the HT surface (P=0.032) and had highly significant differences with the PT, DA and HF surfaces (P<0.01).
However, coating the surfaces with saliva led to an increase in percentage of F. nucleatum adhesion to the PT surface with significant difference with AEHT (P= 0.029) and highly significant differences with both the HF and DA surfaces (P<0.01). Both the HF and DA surfaces had the lowest value of F. nucleatum adhesion with highly significant differences to all other surfaces (P<0.01) except with the AEHT surface. Highly significant difference were found in PT surface (P=0.002) and significant differences in the DA surface (P=0.011) within each surface between the percentage of bacterial adhesion with and without saliva.
IV. Discussion
Dental implant success is governed by the reaction between dental implant surface characteristics and the biological response to them. 15 Altered surface characteristics have been reported to have potential effects on the outcome of dental implant therapy. 10 It is well known that an increase in surface roughness leads to enhanced bacterial adhesion by providing shelter within surface irregularities. 2 Quirynen and coworker 16 have shown a clear relationship between plaque and surface roughness. Therefore, in order to be able to evaluate other surface characteristics, surface roughness was minimized by making the roughness less than 0.2 µm as it has been stated previously that roughness less than 0.2 µm will not have an effect on bacterial retention as most bacteria are larger in size. 17, 18, 19 Interactions between implant and biological tissue depend on surface properties and not on the bulk of the material. 20 Wide arrays of surfaces were included in this experiment with different modifications and different surface properties. 
Surface characteristics
The AN surface showed many pits on the surface in agreement with previous studies. 21 These pits in a shape which supports the previous suggestion by Lausmaa and coworker 22 that the growth of the oxide layer is due to ions coming out from inside the metal and not through deposited on it. The DA surface showed a typical picture of an etched surface, with pits and scratches across the whole surface similar to the commercially available Osseotite implant (Osseotite implant, 3i palm Beach Gardens, FL) produced by dual acid etching surface modification. 23 The strong impact of exposed grain structure on the titanium surface was seen on AEHT surface optical microscope image, in which different grains reflect different colours with a mosaic appearance. One explanation for these mosaic colours is that the oxide layer is first removed by alkali etching thus exposing the grain structure, then during heat treatment each grain reacts in a different way resulting in this different colour as has been stated previously 24 that titanium surfaces with "poly crystalline" surfaces (surfaces with exposed grain) are more likely to cause different patterns of oxide growth and different oxide micro textures. Another explanation is that the colour of the titanium oxide depends on light reflection and since each one of these grains has its own orientation and inclination they will reflect the colour differently according to the light ray strike and reflect angles.
A high level of surface wettability (hydrophilicity) has been considered previously to be one of the essential requirements for successful osseointegration. 5 However, a recent study on one of the successful commercial implants (SLA from Straumann AG implant) revealed that a hydrophobic surface showed more cell attachment than other hydrophilic surfaces. 25 The AEHT surface showed a hydrophobic surface characteristic which can be related to the presence of rutile crystalline oxide structure on the surface. However, Lewandowskae and coworker 26 also showed an increase in the hydrophobicity of AEHT surfaces.
The AN surface which had an anatase crystalline oxide layer also showed an increase in hydrophobicity. This result disagrees with a previous study 27 that showed that the titanium oxide formed by anodization significantly improves the hydrophilicity. It is thought that this disagreement may be due to the crystallinity of the oxide structure as the oxide structure was reported amorphous in this study.
The contact angle result of the HF surface showed a significant increase in hydrophobicity in agreement with Lamolle and coworkers 28 who found that exposure of titanium surfaces to hydrofluoric acid led to an increase in surface hydrophobicity. They suggest that the roughness and presence of fluoride and oxide along with a low carbon level might be the cause of increased hydrophobicity. It has been thought that in addition to the above reasons it may also be due to grain exposure; as both the HF and DA surfaces had the same contact angle measurement (104˚).
Despite heat treatment resulting in a significant increase in surface microhardness measurements, also it changed this surface to be more brittle. This was noted whilst conducting microhardness measurements as sometimes the surface layer crushed under the load, therefore requiring a repetition of the process. The AN surface showed the lowest value for microhardness, the possible explanation could be related to the effect of anodization on surface topography that change the surface nature from a solid, compact polished surface to a surface with many pits. The decrease in microhardness has also been reported previously by Kim and coworkers 27 when they measured the elastic modulus of an anodized titanium surface. Titanium oxide can be both amorphous and crystalline; the crystalline structure exists as three types: rutile, anatase and brookite. 27, 29 All are different in terms of their physical properties. Heating titanium to a high temperature lead to increase oxide layer thickness. 30 However, both HT and AEHT surfaces exhibit a typically rutile oxide phase. The AN surface presented a typical anatase phase in agreement with previous research. 20, 21 However, no crystalline phase could be found for the HF, DA and PT surfaces, Lausmaa and coworker 22 explained this by the lack of electron and x-ray diffraction patterns in a surface with a thin oxide thickness as the oxide surface does not have enough bulk to form a long-range crystalline order.
X-ray photoelectron spectroscopy is an analysis technique for the outer 1-10 nm of the sample surface by soft X-rays (photon irradiation), these photons have a limited penetrating power in a solid. 31 Surface contamination with different elements (usually with organic material) is something can not be avoided. This layer is dynamic and its composition changes depending on the type of environment surrounding these surfaces. 32 In addition to the major components small amount of impurities were present in the superficial layer. For the AN surface the presence of fluoride was expected as hydrofluoric acid had been added to the anodizing 27 Incorporation of elements as a result of adsorption of ions from the electrolyte has also been mentioned previously. 22 The presence of nitrogen was not expected. Sul and coworkers 20 and Lausmaa and Kasemo 33 also detected nitrogen in their anodized surface and explained its presence as a contaminating element, the source of nitrogen may also be explained by the fact that nitrogen exists in commercial titanium with 0.03 wt % 34 and was not detected in polished titanium as its percentage is beyond detection. During anodization the oxide layer increased in thickness by elements coming from beneath the oxide/metal interface 22 which brings the nitrogen to the surface topography. One of the interesting findings was the presence of calcium on the AEHT surface; no clear explanation is apparent for the presence of calcium. However, Lewandowska and coworker 26 also found calcium in their AEHT surface and they explained its presence due to the preparation procedure. However, no step within the preparation procedure in this study involved calcium.
Bacteriology
Dental implants have been widely used as an important treatment option in replacing missing teeth. Bacterial growth and plaque formation on implant surfaces is still one of the major reasons for inflammation and infection around dental implants.
1 S. mitis was chosen as they are pioneer colonizer bacteria 34 that prepare the favorable environment for later colonizers which may be pathogenic such as Fusobacterium species and Prevotella species 1 .
As the bacteria in this study have different cellular sizes, it should be recognized that comparison between percentages of different bacterial adhesion is not applicable as the percentage of area covered by bacteria was measured.
has been reported that anatase crystalline structures decrease bacterial adhesion more than the amorphous structure 35 which is in agreement with the results of this experiment as the AN surface with anatase crystalline surface oxide had a lower percentage of S. mitis adhesion than PT, DA and HF surfaces with amorphous crystalline surface oxide layer.
In addition, both the AEHT and HT surfaces showed relatively the same percentage of S. mitis adhesion without saliva which could be explained by the fact that both of them had a rutile oxide crystalline structure, and had a higher percentage of bacterial adhesion than anatase oxide crystalline structure (anodized surface).
It seems that the crystalline phase has no effect on the percentage of S. mitis adhesion after coating with saliva as both AEHT and HT surfaces had a rutile crystalline oxide layer, but there were significant differences in percentage of S. mitis adhesion between them. This difference could not be correlated to the presence of calcium on the AEHT surface as Yoshinari and coworker 36 found that calcium significantly enhance bacterial adhesion which is opposite from the results of this study, however, they used different bacterial species in their study.
Before these experiments it was thought that there will be no adhesion or a low percentage of F. nucleatum adhesion to these surfaces as they are pathogenic bacteria and they need a layer of initial bacteria to adhere to. 35 However, surprisingly, these bacteria showed an unexpected ability to adhere to some of these surfaces. There was significantly high percentage of F. nucleatum adhesion to surfaces with crystalline phase which could be correlated to the organization of the titanium oxide layers in a specific crystalline form (anatase, rutile).
V. Conclusions/Summary
Physiochemical properties of titanium can be altered depending on the type of modification and each surface modification results in a specific effect on the titanium surface topography. Most of the modifications to a titanium surface increase its hydrophobicity and decrease its surface free energy. Anodization, heat treatment, alkali etching plus heat treatment procedures lead to organization of titanium oxide layer in crystalline form (anatase, rutile). Increased surface hydrophobicity along with decreased surface free energy leads to decrease bacterial adhesion to titanium surface after coating with saliva. Pathogenic bacteria have an affinity to adhere to all modified titanium surfaces without the assistance or presence of a pioneer bacterial layer.
